Methylmercury (MeHg) is a potent neurotoxin, teratogen, and probable carcinogen, but the underlying mechanisms of its actions remain unclear. Although MeHg causes several types of DNA damage, the toxicological consequences of this macromolecular damage are unknown. MeHg enhances oxidative stress, which can cause various oxidative DNA lesions that are primarily repaired by oxoguanine glycosylase 1 (OGG1). Herein, we compared the response of wild-type and OGG1 null (Ogg1 -/-) murine embryonic fibroblasts to environmentally relevant, low micromolar concentrations of MeHg by measuring clonogenic efficiency, cell cycle arrest, DNA double-strand breaks (DSBs), and activation of the DNA damage response pathway. Ogg1 -/-cells exhibited greater sensitivity to MeHg than wild-type controls, as measured by the clonogenic assay, and showed a greater propensity for MeHg-initiated apoptosis. Both wild-type and Ogg1 -/-cells underwent cell cycle arrest when exposed to micromolar concentrations of MeHg; however, the extent of DSBs was exacerbated in Ogg1 -/-cells compared with that in wild-type controls. Pretreatment with the antioxidative enzyme catalase reduced levels of DSBs in both wild-type and Ogg1 -/-cells but failed to block MeHg-initiated apoptosis at micromolar concentrations. Our findings implicate reactive oxygen species mediated DNA damage in the mechanism of MeHg toxicity; and demonstrate for the first time that impaired DNA repair capacity enhances cellular sensitivity to MeHg. Accordingly, the genotoxic properties of MeHg may contribute to its neurotoxic and teratogenic effects, and an individual's response to oxidative stress and DNA damage may constitute an important determinant of risk.
Methylmercury (MeHg) is a persistent environmental contaminant with potent neurotoxic properties. Historically, MeHg is notorious for two large-scale cases of poisoning: through contaminated seafood in Minamata, Japan (Harada, 1995) and through tainted seed grain in Iraq (Amin-Zaki et al., 1974) . Today, exposure to MeHg is still of concern because of society's attempt to foster a healthier lifestyle by increasing their dietary intake of fish and other seafood, as well as due to increase in exposure from activities such as coal burning and gold mining (Bhavsar et al., 2010; Guedron et al., 2011; Kinghorn et al., 2007) . MeHg primarily targets the central nervous system (CNS), with the fetal brain displaying exquisite sensitivity. In utero exposure to MeHg can manifest in cerebral palsy, blindness, deafness, seizures, low birth weight, and developmental delays in areas such as walking and speech (Castoldi et al., 2003; Choi, 1989; Davis et al., 1994) . Analysis of brains of infants prenatally exposed to MeHg exhibit decreased brain volume, atrophy of the cerebrum and cerebellum, decreased number of neurons, abnormal cytoarchitecture, and astrocytosis (Choi, 1989) . Although the precise molecular mechanisms by which MeHg exerts its toxicity are yet to be elucidated, one plausible explanation for its effects involves the production of reactive oxygen species (ROS), and the subsequent ROS-mediated damage to cellular macromolecules and interference with signal transduction pathways. MeHg has been shown to generate ROS both in vitro and in vivo, with cellular antioxidants able to counteract a variety of toxic outcomes (Ali et al., 1992; Burke et al., 2006; Ganther, 1978; Garg and Chang, 2006; Gatti et al., 2004; Jie et al., 2007; Shanker et al., 2005) . Moreover, MeHg has been demonstrated to have genotoxic potential, with the ability to damage DNA (including chromosomal aberrations) and cause oxidative lesions, such as the formation of 7,8-dihydro-8-oxoguanine (8-oxoG; Belletti et al., 2002; Chen et al., 2005; Choi, 1989; Crespo-Lopez et al., 2007; Ehrenstein et al., 2002; Liu et al., 2002; Silva-Pereira et al., 2005) . Numerous molecular mechanisms have been proposed to explain the genotoxicity of MeHg and other mercuric compounds, including DNA damage due to oxidative stress (Crespo-Lopez et al., 2007) . Together, these suggest a potential role for oxidatively damaged DNA, and subsequent pathologic consequences, as a contributing factor in the mechanism of MeHg toxicity.
Oxidatively damaged DNA is primarily repaired by the base excision repair (BER) pathway, which in mammals is initiated by oxoguanine glycosylase 1 (OGG1), a bifunctional DNA glycosylase/apurinic/apyrimidinic lyase (Klungland and Bjelland, 2007) . Deficiencies in the BER pathway, and specifically OGG1, have been implicated in aging and age-related diseases, such as cancer and neurodegeneration (Wilson and Bohr, 2007) , as well as in embryonic and fetal toxicity from endogenous and xenobiotic-enhanced oxidative stress (Wells et al., 2010; Wong et al., 2008) .
Although MeHg is known to damage DNA, there have been no studies examining the effects of variable DNA repair capacity on MeHg toxicity. Herein, we provide the first report of increased sensitivity of DNA repair-deficient cells to environmentally relevant, low micromolar concentrations of MeHg, which is blocked by the antioxidative enzyme catalase. This constitutes the most direct evidence to date that clastogenic DNA damage may contribute to the pathological consequences of MeHg exposure via a nonmutagenic mechanism and that this DNA damage is a ROS-mediated process. Our findings demonstrate a critical role for OGG1 in the maintenance of genomic integrity following MeHg-initiated DNA damage, and suggest that interindividual variability in repair activity and antioxidant capacity may modulate the risk of toxicological consequences.
Measurement of histone H2AX phosphorylated on serine 139 or ataxia telangiectasia mutated phosphorylated on serine 1981 and PI double-staining by flow cytometry. Cells seeded at 4  10 5 /100-mm dish were exposed to either 2 or 5µM MeHg for 0, 3, 6, or 12 h; or alternatively pretreated with 500 U/ml PEG-catalase for 30 min, before exposure to 2µM MeHg for 6 h; they were subsequently collected by trypsinization at each time point. Cells were fixed with ice-cold 70% ethanol overnight at -20ºC, washed with PBS, and permeabilized with PBS containing 0.4% Triton X-100. Cells were stained for H2AX phosphorylated on serine 139 (γH2AX) or ataxia telangiectasia mutated (ATM) phosphorylated on serine 1981 (pATM) by incubating with anti-γH2AX (Millipore Canada Ltd, Etobicoke, Ontario) or anti-phospho-ATM (Ser1981; 10H11.E12, Cell Signaling, New England Biolabs Canada Ltd, Pickering, Ontario) in PBS containing 0.2% Triton X-100 and 1% donkey serum for 3 h, followed by a 30-min incubation with a FITC-conjugated anti-mouse secondary antibody (Jackson, Cedarlane Laboratories, Hornby, Ontario). Cells were then washed with PBS, stained with 50 µg/ml PI for 30 min, and analyzed by flow cytometry as previously described (Tamblyn et al., 2009 ).
Statistical analysis. Data comparing two groups were analyzed with an unpaired t-test, whereas multiple comparisons were conducted using a one-way ANOVA followed by a Bonferroni or Dunnett's post hoc test as appropriate, with the level of significance set to p  0.05 in all cases (GraphPad Prism 5.0d, GraphPad Software Inc., La Jolla, CA).
RESULTS
To investigate whether the OGG1 status has an impact on the cytotoxicity of MeHg, we first compared the clonogenic survival of wild-type and OGG1-null (Ogg1 -/-) murine embryonic fibroblasts exposed to varying concentrations of MeHg. Exposure to low micromolar concentrations (0.03-0.2µM) of MeHg resulted in a greater concentration-dependent decrease in the clonogenic survival of Ogg1 -/-cells compared with isogenic wild-type controls (Fig. 1) .
To Fig. 2B ). In contrast,
Ogg1
-/-cells showed a marked decline in the fraction of G1 cells and a marked accumulation of cells in the S phase (Fig. 2B) . Following 24 h of incubation with 2μM MeHg, both wild-type and Ogg1
-/-cells exhibited equivalent increases in G1 and G2/M fractions, consistent with the onset of cell cycle arrest ( Fig. 2A , left panel; and Fig. 2B ). Induction of cell cycle arrest in wildtype and Ogg1 -/-cells appeared equivalent when cells were exposed to a higher (5µM) concentration of MeHg for 6 or 24 h ( Fig. 2A, right panel; and Fig. 2C ). Under these conditions, both wild-type and Ogg1 -/-cells showed a clear propensity for undergoing G2/M arrest.
The compromised survival of Ogg1
-/-cells following MeHg exposure might be attributed to an increased susceptibility to apoptosis, which may partially be a ROS-mediated process. We have observed that a 30-min pretreatment with 500 U/ml PEGcatalase is sufficient to restore the viability of wild-type and Ogg1 -/-cells incubated with 500µM hydrogen peroxide (positive control) for 6 h (data not shown). Accordingly, we quantified the percentage of apoptotic wild-type and Ogg1 -/-cells following a 30-min pretreatment with 500 U/ml PEG-catalase and a 6-h incubation with 2µM MeHg (Figs. 3A-B) . Untreated wild-type and Ogg1 -/-cells were not significantly different in their viability (% viability  86.5  3.4% vs. 91.9  3.7%, respectively). After a 6-h exposure to 2µM MeHg, Ogg1
-/-cells exhibited decreased viability (% viability/% viability of untreated cells  87.6  4.6%; p  0.05) versus wild-type cells (99.9  5.6%). Preincubation with the antioxidative enzyme
FIG. 2. Susceptibility of Ogg1
-/-cells to MeHg-initiated proliferation arrest. Wild-type and Ogg1 -/-cells were exposed to 2 or 5µM MeHg for 0, 6, or 24 h and harvested for FACS analysis. PEG-catalase did not reduce MeHg-initiated apoptosis at micromolar concentrations, despite blocking hydrogen peroxide-initiated apoptosis (p  0.01), with the viability restored to levels in the untreated cells in both wild-type and Ogg1 -/-cells. The percentage of apoptotic wild-type and Ogg1 -/-cells was also quantified following an extended 24-h exposure to a submicromolar concentration (0.2µM) of MeHg (data not shown). This extended exposure regimen similarly caused no significant differences in viability between untreated wild-type and Ogg1 -/-cells (91.1  2.5% vs. 94.1  1.4%, respectively), nor did the viability significantly differ between wild-type and Ogg1 -/-cells exposed for 24 h to 0.2µM MeHg (91.3  1.3% vs. 94.2  2.8%, respectively).
As G2/M arrest is a response observed in fibroblasts exposed to agents causing chromosomal breakage (clastogenic agents), we investigated (1) whether MeHg exposure resulted in DNA double-strand break (DSB) formation and (2) whether OGG1 status and antioxidant therapy (PEG-catalase) affected the ini-
FIG. 3. Susceptibility of Ogg1
-/-cells to undergo MeHg-initiated apoptosis and the inability of PEG-catalase to ameliorate MeHg-initiated apoptosis. Wildtype and Ogg1 -/-cells were either untreated or exposed to 2µM MeHg for 6 h with and without a 30-min pretreatment with the antioxidative enzyme PEGcatalase, stained with Annexin V-FITC/PI and harvested for FACS analysis. tiation of these lesions. The kinetics of DSB induction was monitored in both wild-type and Ogg1 -/-cells by measuring the kinetics of H2AX phosphorylation at serine 139 (γH2AX). Wild-type and Ogg1 -/-cells exposed to either 2 or 5µM MeHg for 0, 3, 6, or 12 h were analyzed for γH2AX content per cell as a function of the cell cycle position by two-parameter fluorescence-activated cell sorting (FACS) analysis. Exposure to 2µM MeHg over a 12-h period did not generate γH2AX in wild-type cells but resulted in a dramatic, approximately sixfold induction of γH2AX in Ogg1 -/-cells at 6 and 12 h, which was not evident at earlier time points (Figs. 4A-B) . At the higher concentration (5µM) of MeHg, wild-type cells with elevated γH2AX were observed following exposure for 6 or 12 h, whereas Ogg1 -/-cells exposed to the same concentration accumulated more cells with elevated γH2AX at 3, 6, and 12 h than the wild-types, with the extent of accumulation peaking at 6 h and then declining by the 12-h time point; the latter decline was probably due to enhanced cell death rather than a biochemical change in viable cells (Figs. 4C-D) . When pretreated with 500 U/ml PEG-catalase for 30 min and subsequently exposed to 2µM MeHg for 6 h, a twofold reduction in γH2AX levels was observed in both the wild-type and Ogg1
-/-cells (p  0.05), sufficient to return wildtype γH2AX levels to those of the untreated cells (Fig. 4E) .
We subsequently assessed the levels of phospho-ATM (Ser1981) in wild-type and Ogg1 -/-fibroblasts as a function of time following exposure to MeHg. Cells were exposed to 2µM MeHg for 0, 3, 6, or 12 h; and the phospho-ATM (Ser1981) levels per cell were measured by FACS analysis. Compared with cells at 0 h, wild-type cells at 3 and 6 h showed a significant increase in the percentage of cells positive for phospho-ATM (Ser1981; p  0.05), with a subsequent decrease at 12 h to levels equivalent to those of untreated cells (Fig. 5) . Interestingly, phospho-ATM (Ser1981) levels also increased at 3 and 6 h in Ogg1 -/-fibroblasts compared with cells at 0 h; but the phospho-ATM (Ser1981) levels in Ogg1 -/-fibroblasts were consistently greater, more than twofold higher, compared with the levels observed in wild-type cells at each time point.
DISCUSSION
Although it is well established that MeHg is a potent neurotoxin and teratogen, the underlying molecular mechanisms remain largely unclear. Herein, we have provided evidence of an increased sensitivity of DNA repair-deficient cells to MeHg, implying a possible role for DNA damage in the mechanism of MeHg toxicity. This is of particular significance with respect to the CNS as the brain comprises a highly prooxidant environment with a high rate of oxidative activity; but, similar to the developing embryo and fetus, it has significantly lower levels of key antioxidants, such as glutathione (GSH), GSH peroxidase, and catalase, when compared with the liver (DiMauro and Schon, 2008; Oliver et al., 2011; Wells et al., 2009) . Thus, many cellular targets in the brain, as well as in the embryo and fetus, are particularly sensitive to oxidative insult and the consequential DNA damage. With a compromised DNA repair status, DNA damage can not only lead to mutations, but may also have other nonmutational effects, resulting in changes in gene expression, some of which may be critical for the development, organization, function, and defense of the adult CNS and/or the embryo and fetus (Wells et al., 2010) . Moreover, due to the possibility of varying levels of DNA repair capacity of the different regions and cell types of the brain, there may also be regional, cellular, and even gene-specific damage, leading to pathway-specific effects; the latter view is supported by in vivo evidence of 8-oxoG accumulating in susceptible genomic sites, rather than being randomly distributed throughout the genome (Toyokuni, 2008) . Although an increasing body of evidence indicates that MeHg acts as a genotoxin, various lesions have been described in the DNA of cells exposed to MeHg, suggesting that the genotoxicity of this agent is complex. MeHg and other mercury-containing compounds have been shown to act as clastogens, considering that cells exposed to these agents exhibit chromosomal aberrations (Cebulska-Wasilewska et al., 2005; Yamada et al., 1993) , increased frequency of sisterchromatid exchange (Lee et al., 1997; Morimoto et al., 1982; Rao et al., 2001) , and increased frequency of occurrence of micronuclei (Bonacker et al., 2004; Franchi et al., 1994; Thier et al., 2003) . Other studies, however, did not detect chromosomal aberrations but instead demonstrated MeHginduced changes in ploidy (Mailhes, 1983) . In addition to the clastogenic properties, exposure to MeHg and other mercurycontaining compounds has been shown to result in increased mutation frequency through the formation of covalent MeHg-DNA adducts Schurz et al., 2000) or ROSinitiated oxidative lesions, such as the formation of 8-oxoG Schurz et al., 2000) .
Various studies have demonstrated that the ability of MeHg and related compounds to trigger oxidative stress may contribute to their genotoxicity (Di Pietro et al., 2008; Ercal et al., 2001; Lee et al., 1997; Rao et al., 2001; Schurz et al., 2000) . Here, we have investigated whether the DNA repair protein OGG1 and the antioxidative enzyme PEG-catalase protect cells from MeHg toxicity; and have demonstrated for the first time that OGG1 guards cells against MeHg-initiated DNA damage, resulting in the accumulation of DSBs, and that the formation of these DSBs is attenuated in the presence of PEG-catalase. BER serves to restore or limit the occurrence of oxidatively damaged DNA Kubota et al., 1996) . In this repair pathway, OGG1 operates as the predominant DNA glycosylase responsible for recognizing and removing the mutagenic lesion 8-oxoG when base-paired with cytosine (Aburatani et al., 1997; Radicella et al., 1997; RoldanArjona et al., 1997) . OGG1-null (Ogg1 -/-) mice spontaneously accumulate 8-oxoG over time in vivo, and Ogg1 -/-cells show elevated 8-oxoG levels compared with control cells ( Klungland et al., 1999) . Interestingly, Ogg1 -/-mice exhibit no overt pathology and show a rather modest increase in spontaneous mutation rate, indicative of overlapping pathways that repair oxidatively damaged DNA (Klungland et al., 1999; Minowa et al., 2000) . Furthermore, the role of OGG1 in preventing cytotoxicity induced by oxidative stress is somewhat unclear, as Ogg1 -/-fibroblasts appear to exhibit increased sensitivity to hydrogen peroxide only when cells are also deficient in the MutY homolog (MYH; Xie et al., 2008) , a complementary DNA glycosylase involved in the repair of 8-oxoG. In contrast, siRNAmediated depletion of OGG1 in human fibroblasts, H1299 cells, and HeLa cells results in increased sensitivity to hydrogen peroxide or menadione (de Souza-Pinto et al., 2009; Youn et al., 2007) . Ogg1 -/-progeny exposed in utero to the ROS-initiating teratogen methamphetamine exhibited increased 8-oxoG levels in fetal brain and postnatal neurodevelopmental deficits compared with wild-type littermates (Wong et al., 2008) , indicating that in addition to mutagenesis, the 8-oxoG lesion exerts pathogenic effects in vivo through other mechanisms, possibly involving alterations in gene expression (Khobta et al., 2010; Kitsera et al., 2011; Pastoriza-Gallego et al., 2007) .
We observed that a 24-h exposure to submicromolar concentrations of MeHg was sufficient to reduce the clonogenic efficiency of wild-type fibroblasts and that this sensitivity was significantly increased in the absence of OGG1. Our findings demonstrate that OGG1 protects cells from the cytotoxic effects of MeHg, in addition to implicating MeHginitiated DNA damage as a contributing factor in the toxicity of this compound. Previous studies have demonstrated dosedependent decreases in the rate of DNA synthesis and cell cycle arrest following MeHg exposure (Burke et al., 2006; FalluelMorel et al., 2007; Hu et al., 2005; Xu et al., 2010; Zucker et al., 1990) . Fibroblasts deficient in OGG1 and MYH have also been shown to exhibit a greater tendency to accumulate in the G2/M phase of the cell cycle following exposure to oxidants compared with wild-type cells (Xie et al., 2008) . Given that the compromised survival of Ogg1 -/-cells following MeHg exposure might be explained by changes in the capacity for proliferation, we examined whether MeHg exposure altered the ability of Ogg1 -/-cells to undergo cell cycle arrest compared with wild-type cells. Both cell types exhibited a greater tendency to become arrested in the G2/M phases with 5µM MeHg, compared with the results with 2µM MeHg. However, Ogg1
-/-cells exposed to the lower concentration (2µM) of MeHg for 6 h showed a greater cellular accumulation in the S phase and a decreased accumulation in the G1 phase compared with wild-type cells, although this difference appeared to be transient, as the cell cycle distribution of both cell types was equivalent following exposure to MeHg for 24 h. As both wildtype and Ogg1 -/-cells were largely equivalent in their ability to undergo cell cycle arrest following exposure to MeHg, we examined whether the increased clonogenic sensitivity of Ogg1 -/-cells to MeHg could be attributed to an increased susceptibility to MeHg-induced apoptosis. Interestingly, we noted a significant reduction in the viability of Ogg1 -/-cells following a 6-h exposure to 2µM MeHg, which was not apparent in the wild-type cells; but this was not observed following a 24-h exposure to a submicromolar concentration (0.2µM) of MeHg. Moreover, MeHg-initiated apoptosis (at micromolar concentrations) could not be reversed by pretreatment with the antioxidative enzyme PEG-catalase, suggesting that MeHg-initiated ROS may not be entirely responsible for the increased apoptosis at micromolar concentrations. Thus, the compromised clonogenic survival of Ogg1 -/-cells exposed to submicromolar concentrations of MeHg is probably not mediated through MeHg-initiated apoptosis. However, apoptosis may be responsible for cell death at micromolar concentrations of MeHg, wherein OGG1 helps to prevent the accumulation of MeHg-initiated DNA lesions that can trigger cell death.
As the clastogenic properties of MeHg might be due to its induction of DNA DSBs, we measured DSB formation by evaluating the kinetics of γH2AX formation in wild-type and Ogg1 -/-cells. A DSB if unrepaired is one of the most lethal forms of DNA damage (Karagiannis and El-Osta, 2004; Khanna and Jackson, 2001; Sedelnikova et al., 2003) . DSBs induce the phosphorylation of the variant H2A histone H2AX at serine 139 (γH2AX) in the chromatin flanking the break site. Following DNA damage, H2AX becomes rapidly phosphorylated by members of the phosphatidylinositol-3-kinase family (Bonner et al., 2008; Rogakou et al., 1998) , which includes ATM, AT and Rad3-related protein (ATR), and DNA-dependent protein kinase (DNA-PK; Fernandez-Capetillo et al., 2004; Stiff et al., 2004 Stiff et al., , 2006 . Of these three kinases, ATM is considered to play a prominent role in γH2AX induction following DSB damage (Falck et al., 2005; Redon et al., 2002; Stiff et al., 2004 Stiff et al., , 2006 , and ATM-deficient progeny are more susceptible to in utero death and birth defects caused by in utero exposure to low-dose ionizing radiation (Laposa et al., 2004) .
Exposure to ionizing radiation, such as x-rays, γ-radiation, α-particles, and heavy ions, causes the direct formation of DNA DSBs (Cebulska-Wasilewska et al., 2005; Desai et al., 2005; Hanasoge and Ljungman, 2007; Usami et al., 2006) , which leads to a rapid rise in γH2AX levels that are maximal at 30-60 min after irradiation (Keogh et al., 2006; Markova et al., 2007; Sedelnikova and Bonner, 2006; Sedelnikova et al., 2003) . In contrast, DSBs in MeHg-treated wild-type cells were not apparent until the cells had been exposed for at least several hours, suggesting that DSBs following MeHg exposure occur as the result of secondary processes. Importantly, we observed an earlier onset and greater extent of DSB induction in Ogg1 -/-cells compared with wild-type cells exposed to 5µM MeHg. Furthermore, we observed DSB induction in Ogg1 -/-cells at lower MeHg concentrations that did not produce a significant increase in DSBs in wild-type cells, and these DSBs were attenuated in the presence of the antioxidant PEG-catalase. Taken together, these findings strongly suggest that MeHg exposure leads to ROS-mediated DSB formation and that production of this form of DNA damage is exacerbated in the absence of OGG1.
To provide additional confirmation that DSB damage occurred as a result of MeHg exposure, we investigated the phosphorylation status of ATM at serine 1981. Autophosphorylation of ATM at this residue results in ATM-dimer dissociation and initiates cellular ATM-kinase activity (Bakkenist and Kastan, 2003) . Following induction of DNA damage, the extent of ATM activation correlates strongly with the number of DSBs formed compared with other lesions generated (Ismail et al., 2005) . Similarly, we observed that MeHg exposure led to a significant increase in the percentage of cells showing elevated ATM phosphorylation at serine 1981 in both wild-type and Ogg1 -/-cells, with the latter showing an even greater elevation at all time points compared with wild-type cells. Taken together, these findings of increased ATM phosphorylation at serine 1981 support our conclusion that OGG1 protects cells from accumulation of DSBs that lead to ATM activation following MeHg exposure.
Although OGG1 appears to prevent MeHg-induced DSBs, this glycosylase and associated processes that comprise the BER pathway are traditionally associated with limiting oxidative damage to bases, in particular the accumulation of 8-oxoG. Recent studies additionally point to a role for OGG1 in processes of recombination-mediated repair that respond to DSB damage, particularly through interactions with the RAD52 repair protein following oxidative stress (de Souza-Pinto et al., 2009) . The presence of 8-oxoG lesions was found to inhibit RAD52 strand-annealing activity, suggesting that homologous recombination-mediated repair of DSBs could be impaired under conditions of increased oxidative damage to DNA. Accordingly, the ability of OGG1 to remove 8-oxoG in the vicinity of DNA strand breaks may serve to facilitate RAD52-mediated repair processes that safeguard against DSB accumulation following MeHg exposure. It will be important to determine whether ROS-mediated DSB accumulation contributes similarly to the in vivo pathological consequences of MeHg exposure.
Our data demonstrate for the first time an increased sensitivity of OGG1-deficient cells to MeHg, serving as the most direct evidence to date that ROS-mediated DNA damage may play a critical role in the pathological consequences of MeHg exposure. Importantly, these studies have been carried out at low, environmentally relevant concentrations of MeHg. In the notorious case of Minamata Bay, more than 900 fatalities resulted from the consumption of MeHg-contaminated seafood, which contained up to 40 ppm (∼184µM) MeHg (National Institute for Minamata Disease). Other documented cases of fatal human poisonings reported 75 and 15-25μM of MeHg in the blood and cerebellum, respectively (Hilmy et al., 1976) . In the United States, MeHg exposure continues to be a matter of public health concern as dietary and occupational exposure levels, which can range from 0.09 to 1.8 µg/kg/day (Barbosa et al., 2001; Harada et al., 2001; Tsuchiya et al., 2008; Vahter et al., 2000) , can overlap those (0.2-1.8 µg/kg/day) associated with postnatal neurobehavioral deficits in humans after in utero MeHg exposure (Grandjean et al., 1997 (Grandjean et al., , 1998 . Today, the US Environmental Protection Agency (EPA) employs a reference dose for MeHg of 0.1 μg/kg/day, which correlates with a blood-Hg level of 5.8 μg/l (∼0.027µM MeHg), where 100% of the total Hg measured is assumed as MeHg for the purpose of risk assessment. In Canada, the allowable limit set by the Canadian Food Inspection Agency for Hg in fish and seafood is 0.5 ppm (∼2.3µM MeHg). Widely consumed species of fish, including swordfish, shark, pike, and bass, contain some of the highest concentrations of MeHg, some greater than 1 ppm (∼4.6µM MeHg; Health Canada). Additionally, a study of Canadian aboriginals, whose diet primarily comprises fish, found 25% of this population to have blood-Hg levels greater than 0.09µM, and 2% with levels greater than 0.46µM; the highest maternal blood and cord blood concentrations were reported to be 0.4 and 1µM, respectively (Wheatley and Paradis, 1995) . Thus, our working concentrations are well below the range associated with fatalities, and within the more relevant concentration range found in various fish and other seafood species, as well as in at-risk populations, and we have observed an effect on clonogenic survival at a concentration only 0.003µM higher than the current blood-Hg equivalent of the USEPA reference dose. Furthermore, our findings reveal an essential role for OGG1 in the maintenance of genomic integrity following MeHg-initiated DNA damage, in addition to implicating an individual's response to DNA damage and his/her antioxidative capacity as a significant determinant of susceptibility to MeHg toxicity. Further investigation is required to more definitively elucidate the precise mechanisms by which MeHg-initiated DNA damage contributes to the mechanism of toxicity and assess whether these mechanisms can be extrapolated to the in vivo pathogenesis process following MeHg exposure. A better understanding of the mechanisms underlying MeHg toxicity will enable the identification of novel risk factors and provide a more definitive basis for public health recommendations regarding environmental exposure to MeHg. 
